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ABSTRACT

In order to investigate the influence of the surface-active element on the inter-
facial phenomena between molten iron and molten Al,O3;-CaO-5iO; slag, a
mildly surface-active element, nitrogen, was introduced, and the interfacial
phenomena were directly observed using an X-ray sessile drop method. The
multiphysics model was employed to calculate the velocity of the Marangoni
convection caused by the surface/interfacial tension gradient along with the
contour of the sessile drop. Movement of the sessile drop was observed in the
experiment, and the driving force of the movement was discussed from the
distribution of surface tension active element viewpoint. The calculated velocity
of the Marangoni convection in the droplet was reasonably agreed with the
literature data for the metal-gas system, and thus, the same model was applied
for the metal-slag system. The velocity of the Marangoni convection for the
metal-slag system becomes ten times lower compared to that of metal-gas
system.
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Introduction

The Marangoni convection is a flow along with sur-
face/interface caused by the surface tension gradient
along with the surface/interface, and such surface-
interfacial tension gradient is induced by (1) the
temperature gradient, (2) the concentration gradient
of surface-active elements and (3) the electrical
potential gradient. The Marangoni effect is important
not only for the metallurgical process but also in
many other fields including medical science and
biotechnology [1], and thus, many research works on
the Marangoni effect were done since a long time ago.
In recent years, extensive studies have done by util-
ising the microgravity condition to avoid the density
convection due to the gravity, to avoid the contami-
nation from the container, to levitate the samples, etc.
[2]. Also, the interfacial tension measurements
between molten metal and molten slag have been
planned [3], and the experiments are currently
ongoing on the International Space Station (ISS), Kibo
module. The present study is a collaboration between
the interfacial tension measurement project by the
Japan Aerospace Exploration Agency (JAXA) and the
project for the measurement of viscosity of molten
slag, and interfacial tension measurement which is
funded by Swedish National Space Agency (SNSA).

The Marangoni convection in the elevated tem-
perature system has been studied by many

@ Springer

researchers in the past. For instance, in a molten
NaNOj; column, the Marangoni convection from the
higher temperature region, i.e. lower surface tension
region, to the lower temperature region, i.e. higher
surface tension region was observed [4]. The Mar-
angoni flow due to the concentration gradient was
found in the observation of corrosion of refractories
by molten metal and molten slag [5]. The Marangoni
convection due to the electrical potential change was
observed as a spreading and shrinking of a slag
droplet on molten metal [6].

In addition to the above-mentioned Marangoni
convection, the movement of fine particles such as
bubbles and inclusions in molten metal is also
explained based on the surface- interfacial tension
gradient, and it is treated as a “Marangoni effect” in a
broad sense (for details see refs. [1, 7-9]). Such dis-
cussion can be utilised to suppress defects in the
casting, the nozzle clogging in the continuous casting
process, etc. [10].

It is well-known that the Marangoni convection
(Marangoni effect) is playing an important role in
metallurgical processes. For example, Marangoni
convection will enhance the mass transfer, and thus,
heterogeneous reaction rate will become higher when
the mass transfer process is a rate-controlling step
[11]. In such processes, the surface tension of molten
metal and slag is relatively high, and also there are
surface-active elements (components) for these sys-
tems, and thus, the Marangoni convection is induced
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relatively easily. The Marangoni convection will also
become a cause of interface turbulence since the flow
is most intensive at the interface. Such turbulence at
the molten mould flux and molten steel interface will
lead the entrapment of mould flux into molten steel
resulting in the defects. The Marangoni convection
and its direction in the weld pool, which is formed in
the welding process, have also been investigated by
many researchers in the past [12-14]. There are some
techniques for the in-situ observation of Marangoni
flow, but the observation by a scanning laser micro-
scope is one of the efficient technique for the surface
flow observation [15]. The Marangoni convection is
often discussed for the single crystal growth of sili-
con, and the Marangoni convection in the molten
silicon was confirmed by a microgravity experiment
[16].

Apart from above-mentioned phenomena, the
dissolution and adsorption rate of nitrogen gas into
molten iron and desorption rate of nitrogen from
molten iron were studied by many researchers, and it
is concluded that the experimental results can be
explained so-called blocking mechanism [17, 18] and
change in the surface tension gradient (surface
activeness), i.e. Marangoni convection [19, 20].

As described above, there are many examples of
the relation between the Marangoni effect and met-
allurgical processes. In these examples, the Mar-
angoni convection due to the concentration gradient
of surface-active elements is one of the interesting
phenomena. Adsorption of the surface-active ele-
ments and its concentration gradient is closely related
to the surface dilatational viscosity and related
interfacial phenomena in the metallurgical processes,
e.g. foaming, coalescence of bubbles, droplets and
solid particles in liquid and also the dispersion of
bubbles, droplets as well as solid particles into liquid
[21, 22]. The research work on the surface dilatational
viscosity for the high-temperature system is scarce;
however, there are some works in the field of colloid
science [23-26].

Some researches on the effect of surface-active
elements on the interfacial phenomena between
molten slag and molten metal, including the move-
ment and deformation of the sessile drop have been
done [27-31]. In the present study, to understand the
role of the surface-active element and its concentra-
tion gradient on the Marangoni convection, an
experimental set up is designed. Nitrogen is known
as a mildly surface-active element [32, 33] although it
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is not a strong surface-active element as oxygen,
sulphur, selenium and tellurium. Therefore, it can be
easily imagined that the Marangoni convection can
be induced by the concentration gradient of the
nitrogen along with the slag-metal interface. Hence,
in the present experiment, the nitrogen as a surface-
active element was introduced to the molten iron
droplet, which is immersed in the Al,O;-CaO-5i0,
molten slag, through the dissolution of boron nitride
and the interfacial phenomena (movement and shape
of the iron droplet) was observed using X-ray fur-
nace. The results were discussed based on the cal-
culation results of the velocity of Marangoni
convection. The velocity of Marangoni convection
was calculated by using a commercially available
calculation software which allows combining differ-
ent physical models, so-called multiphysics model.
In the steelmaking process, the nitrogen in the gas
phase might reach the molten metal phase through
the molten slag phase, and the nitrogen absorption
may occur. On the other hand, the feasibility of the
denitrification by the molten slag is also considered.
In these processes, the mass transfer in the molten
metal phase is an important factor, and the Mar-
angoni convection is playing an important role for it.
The results of the present study will give some
insights to discuss the mass transfer in the molten
metal phase, which contact with a molten slag phase.

Experimental
Materials

The Al,03-Ca0O-5iO; slag was made from reagents of
5i0,, (Sigma-Aldrich,— 325 mesh, 99.5% trace metal
basis), Al,O; (Sigma-Aldrich, o-phase, —100 mesh,
99%) and CaO. CaO was produced by heating up
CaCO; powder (Sigma-Aldrich, ACS reagent,
> 99%) to 1223 K for 12 h in a muffle furnace. The
powders were mixed using a mortar and a muller to
obtain the desired slag composition (36mass% AlOs,
50 mass% CaO and 14 mass% SiO,). As a metal,
cylindrical iron rod (5 mm in diameter and 8 mm in
length (Alfa Aesar, 99.995%) was used. The dimen-
sion of BN crucible (Tanso AB, Sweden, > 99%) is
45 mm in inner diameter and 90 mm in inner height.
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Figure 1 A schematic illustration of the experimental setup.
Apparatus

The apparatus used for the sessile drop measure-
ments consisted of an X-ray unit equipped with an
image analyser and a resistance furnace. A schematic
diagram of the experimental apparatus is shown in
Fig. 1.

The X-ray unit and the high-temperature furnace
was employed to observe the metal drop immersed
in the slag in order to monitor the interfacial phe-
nomena and the shape of the sessile drop. The X-ray
unit used was a Philips BV Pulsera imaging system
(Philips, Amsterdam, The Netherlands) with an X-ray
source of max. 120 kV. The imaging system consists
of a CCD camera with digital noise reduction. The
recording system consists of a PC equipped with an
image acquisition card which allows to record the
X-ray images with 25 fps. The furnace used in the
experiments was acquired from Entech Energiteknik
AB, Sweden. It is equipped with MoSi, heating ele-
ments. The furnace temperature was controlled by a
type B thermocouple. The windows of 70 mm in the
square were provided on both sides of the furnace,
which allows the X-ray path through from the source
to the detector. A recrystallised Al,O3 reaction tube,
with an inner diameter of 60 mm, was positioned
vertically in the furnace.

Procedure

The iron specimen was placed at the bottom of a
boron nitride crucible and immersed in the slag. The
boron nitride crucible was placed at the even tem-
perature zone in the reaction tube. Extreme care was
taken so that the bottom of the crucible becomes
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horizontal. After the attainment of the experimental
temperature, namely, 1873 K, the shape and move-
ment of the iron droplet were observed with the aid
of the X-ray radiographic apparatus. The experiments
were carried out under Ar atmosphere.

Results and discussion
X-ray observation

Some typical X-ray images of the molten iron droplet,
which is immersed in the molten slag are shown in
Fig. 2. During the observation, it was observed that
the sessile drop moved from side to side, and occa-
sionally, the movement was stagnated. The move-
ment of the droplet became moderate with time. The
movement of the droplet was observed for approxi-
mately 30 min. (including the time from melting
point to reach at 1873 K). The maximum moving
velocity which was observed in the experiment was
approximately 0.005 m - s}, i.e. the iron droplet was
moved 4.4 mm in 0.88 s. as shown in Fig. 2 (Note that
the frame rate of the video recording is 25 fps, and
thus, the error in time is #+ 0.02 s.). The nitrogen
concentration in the metal drop was analysed after
the experiment, and it was found as 0.007 mass%.

According to thermodynamic data [34], AG® of the
reaction BN(s) = B + N is

AG® = 192000 — 88.7T] /mol — BN (1)

Hence, at 1873 K, the boron and nitrogen will dis-
solve into molten iron so that it satisfies agay = 0.190,
where a is the activity, and the underbar denotes
dissolved element.

Regarding the dissolution rate of BN into molten
iron, according to Iyengar and Pehlke [35], dissolu-
tion rate at 1873 K for unalloyed iron melt is constant
up to approximately 30 min, and after that, it
becomes moderate. This duration corresponds to the
time when the movement of the droplet became
moderate (the time required to increase temperature
from the melting point of iron (1811 K) to the
experimental temperature (approximately 6 min) is
ignored). From this fact, the movement of the sessile
drop is influenced by the behaviour of the nitrogen as
a surface-active element; in other words, the interfa-
cial tension change. More precisely, the driving forces
of the movement of sessile drop are:
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Figure 2 X-ray images of the movement of the molten iron droplet in the molten slag. a 0 s, b 0.44 s and c 0.88 s.

(1) Force (interfacial tension) difference between
one side and another side (e.g. left and right) of
the droplet due to the difference of nitrogen
distribution and contact angle.

(2) Marangoni convection in the droplet, which is
induced by the nitrogen concentration gradient
(interfacial tension gradient) between the bot-
tom part and top part of the droplet.

In the present study, the nitrogen is supplied from
the bottom part of the droplet. However, in practice,
the nitrogen distribution is not symmetric, and there
is nitrogen distribution difference (Hereafter, the
nitrogen amount on the left and right sides of the
droplet is discussed for the simplicity). For example,
it is known that the interfacial tension between mol-
ten iron and molten slag decreases with increasing of
surface-active element content [36]. Therefore, as
shown in Fig. 3, if the nitrogen concentration on the
left side is higher than that of the right side, the
interfacial tension on the left side (o) becomes lower
than that of the right side og, and the net horizontal
force will be decided by these interfacial tensions and
the contact angle of each side (0; and 6r) as described
in Young's equation. This horizontal force can be the
driving force of the movement of the droplet.

Or

Marangoni
convection

N 6
/E\

Or

< - —
| BN

Figure 3 A schematic illustration of the droplet.

Once the droplet starts to move, the droplet will be
subjected to the resistance from the molten slag. As
mentioned above, the maximum moving velocity of
the droplet was 0.005 m-s~!. The velocity is rela-
tively low, and the size of the object is relatively
small. It implies that the droplet will be subjected to
the viscous resistance. If it is assumed that the shape
of the droplet is a spherical shaped rigid body, the
virus resistance

F = 6mpro =5.74 x 107°N (2)

where 7 is the viscosity of slag (203 x 10~%Pa - s) [37],
r is the radius of the droplet (3 x 10~ m), and v is the
velocity (0.005 m-s™1).

will act on the droplet.

On the other hand, the horizontal force act on a
spherical shaped rigid body, which is caused by the
interfacial tension gradient, can be described as fol-
lows [1]:

F=_nr*— (3)

where r is the radius, and ’fi—; is the interfacial tension
gradient.

Therefore, if it is assumed that the droplet is
incompressible and rigid, the required ¢ value to
obtain the force corresponds to the above-mentioned
viscous friction, 5.74 x 107°N, is 0.762 N - m~2 which
is relatively small.

The movement of the droplet might also be caused
by Marangoni convection in the molten metal droplet
due to the interfacial tension gradient caused by the
nitrogen concentration gradient along with the con-
tour of the droplet. During the experiment, the
nitrogen is dissolving from the bottom of BN crucible,
i.e. the nitrogen concentration at the bottom of the
droplet is relatively higher than that of the higher
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part of the droplet. Therefore, the Marangoni con-
vection will be generated from the bottom part,
where the interfacial tension is low (o, ogr), to the
top part of the droplet, where the interfacial tension
(or) is higher than op and oy, along with the slag-
metal interface of the droplet (see Fig. 3). As a con-
sequence of the generation of Marangoni convection,
downward convection will be formed at a centre part
of the droplet, and circulation will take place until the
interfacial tension gradient disappears. In practice,
the asymmetric Marangoni flow convections will be
formed in the droplet due to the asymmetric distri-
bution of nitrogen, and the droplet will be moved by
the asymmetric convections.

It is difficult to estimate the contribution of each
driving force mentioned above from the experiment,
but the movement of the droplet will be dominated
by these two factors. In the following sections, some
calculations were performed to estimate the velocity
of Marangoni convection.

Velocity of Marangoni convection

In a system where the temperature gradient, con-
centration gradient, and/or electrical capillarity
(electric potential gradient /) exists along the x-di-
rection of the interface, the surface/interfacial shear
stress 7, induced by the surface/interfacial tension
gradient is expressed as

_do 0o dT 0o dc

oc dx

0o dy
+@‘E (4)

BT T o dx
where ¢ is the surface/interfacial tension, T is the
temperature, ¢ is the concentration, and  is the
electric potential[1].

The liquid flow generated by this shear stress is
obtained by solving the equations of motion (Navier—
Stokes equations) and thermal conduction equation
or diffusion equation under the boundary condition
that gives the surface/interfacial tangential force [1].

The Marangoni convection induced by the nitrogen
concentration gradients along with the contour of the
metal droplet was studied by a coupled transient
simulation including two-phase laminar flow and a
level-set moving interface. A half-symmetry FE
model of the metal droplet was created in the com-
mercially available COMSOL Multiphysics 5.4. Initial
droplet shape and dimensions were adopted from the
experimental observations. The droplet radius was
set as 2mm, and the contact angle with the
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horizontal wetted surface was 100°. The slag/gas
initial temperature was set to 1873 K.

In the present experiments, the nitrogen was sup-
plied from the bottom side of the molten iron droplet,
and thus in the calculation, the lower surface tension
values were given for the lower part of the droplet
and higher surface tension values for the higher part
of the droplet. It is assumed that the nitrogen distri-
bution and the shape of the droplet are symmetric,
and the half part of the droplet was considered in the
calculation. An example of the droplet shape is
shown in Fig. 4. The blue region is the molten iron,
and the red region is the molten slag. The pure white
curvature is the contour of the droplet, which corre-
sponds to Gibbs’ dividing surface. The shape of the
droplet was decided so that it satisfies the Laplace’s
equation in which the balance between gravity and
pressure difference are considered (Eq. 5).

, (11
pelt =)+ (7 = p') = o+ ) o)
where p is the density, g is the gravitational acceler-
ation, / is the height of the droplet, z is the height at a
point on the contour of the droplet, p* is the pressure
in the droplet, pf is the outside pressure, ¢ is the
surface/interfacial tension, and 7, and r, are the two
principal radii of curvature of the surface/interface.

Note that the contour in black colour in Fig. 3 is
just an initial contour for the calculation which does
not satisfy Eq. 5.

x10™
ol L
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0.7
25k
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20
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Figure 4 An example of droplet shape in the calculation.
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Velocity of Marangoni convection (Gas-Metal system)

To calculate the velocity of Marangoni convection,
the surface tension gradient, i.e. the concentration
gradient of nitrogen must be known. However, it is
next to impossible to know the nitrogen concentra-
tion gradient along with the contour of the droplet
during the experiment. Therefore, first of all, it was
attempted to calculate the velocity of Marangoni
convection for the case of gas-metal droplet system to
estimate the surface tension gradient by comparing
the calculated velocity with the literature values.

In the calculation, the pressures of the molten iron
and gas phase are set so that it holds Eq. 5. The
contact angle between molten iron droplet and sub-
strate (bottom of the BN crucible) is set as 100°. For
the viscosity and density of pure iron droplet, the
values at 1873 K, 1ie. 5.02x10°Pa-s and
6977 kg-m~3 were used [38]. The influence of
nitrogen on the viscosity and density is negligible,
and thus, above values are used for whole calcula-
tion. For the gas phase, the properties of argon gas
were used. The viscosity of argon gas at 1873 K was
estimated as 8.54 x 107°Pa-s [39]. The density of
argon gas at 1873 K was estimated as 0.256 kg - m3
by Van der Waals equation with Van der Waals
constants a = 1.355 bar-L?-mol™? and b = 0.0320
L - mol '[40].

According to Keene [32], the surface tension of the
Fe-N system can be described by the following
equation:

OFe N = Opc — 1.4 x (at.%N)N - m™! (6)
ie.

o 100 x 55.8 x [mass%N] N.m-!
14 x (100 — [mass%N]) + 55.8 x [mass%N]

OFe—N = Opc — 1.4

(7)
where of. is the surface tension of pure iron and at
1873 K the surface tension value is 1.877 N - m~! [41].

The theoretical treatment of the surface/interfacial
tension in the nonequilibrium state as found in the
present experiment has not been established, and
even the meaning of the surface/interfacial tension in
the nonequilibrium state is not clearly defined.
Therefore, in the present discussion, it is assumed
that the values of surface/interfacial tension are the
same as that of equilibrium state for simplicity.

According to a thermodynamic data [42], the sol-
ubility of the nitrogen into molten iron at 1873 K is
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0.046 mass% under 1 bar nitrogen, and from Eq. 7,
the surface tension under this condition is 1.621
N - m~L. If the top part of the droplet is still pure iron
and the bottom part of the droplet is saturated by
nitrogen, the surface tension difference between these
two locations becomes 0.256 N -m™'. This is a max-
imum surface tension difference, but even if it hap-
pened, it could be achieved at the only very early
stage of the process. Once the diffusion of nitrogen
and mass transfer by the Marangoni convection takes
place, the surface tension gradient will become less.

The velocity calculations were performed by giving
different surface tension difference, Ao, between the
top of the droplet and the bottom part of the droplet.
Hirashima et al. [43] measured the surface velocity of
the Marangoni convection caused by the nitrogen
concentration gradient on the surface of molten iron.
In their experiments, the concentration of the nitro-
gen at the nitrogen gas impinged area was estimated
as 0.0425 mass%N, which corresponds to 1.640 N -
m~! in the surface tension value and the concentra-
tion of nitrogen at the point 42 mm away was 0.001
mass%N, which corresponds to 1.871 N - m~! in the
surface tension value. Therefore, the surface tension
gradient can be calculated as 55 N-m™2 In our
study, the length of the contour of the droplet from
bottom to top is 3.5 mm, and thus the same surface
tension gradient, 5.5 N -m~2 will be achieved when
the surface tension difference between bottom and
top, Ag, is 0.02N - m~!.

The calculation result when the surface tension
difference, Ac = 0.02N - m~!, is shown in Fig. 5. As
expected, the convection from the lower surface ten-
sion region (bottom part of the droplet) to the higher

x10™ F
m
221
20t
18f
0.3
161
0.25

0.2

0.15

0.1

0.05

0 5 10 15 20

Figure 5 Velocity of Marangoni convection (Metal-Gas system).

@ Springer



7818

surface tension region (top part of the droplet) along
with the surface of the droplet, i.e. Marangoni con-
vection was found. In addition, the downward
stream from the top of the droplet to the bottom,
which is induced by the Marangoni convection was
found. As shown in Fig. 5, the calculation result
shows that the surface velocity is approximately 0.1-
0.15m-s7!, and this value agrees with the literature
values (experimental values), e.g. 0.08-0.12 m-s!
[19] and 0.05-0.11 m - s~ ! [43].

From the above-mentioned calculation result, it
was found that the Marangoni convection is induced
by even small surface tension difference such as
0.02N-m™!. In addition, the convection in the gas
phase was also found along with the surface of the
droplet, although it is microscale. Such convection
might influence on the mass transfer in the gas phase
and consequently the rate of nitrogen (and other
components) removal from molten iron.

Velocity of Marangoni convection (Slag-Metal system)

As the calculation method of the surface velocity is
verified with the gas-metal system, it was attempted
to apply the method for the slag-metal system. The
calculation of the velocity of Marangoni convection
for the slag-metal droplet system was done in a
similar manner. For the viscosity and density of
molten slag, the values at 1873 K, i.e. 203 x 103Pa s
[37] and 2783 kg -m~3 [44] were used.

The calculation results are shown in Fig. 6. In
addition to the result for Ac = 0.02N - m~!, the results
for Ac = 0.03 and 0.04 N - m~! are also shown for the
comparison. As can be seen from these figures, even
for the slag-metal system, the convection along with
the interface, i.e. Marangoni convection and the
downward stream at the centre part are generated.
However, for the Ac = 0.02N - m~! case, the velocity
at the molten iron-molten slag interface becomes
approximately 0.01-0.015 m -s~! which is approxi-
mately ten times slower compared to the results for
the gas-metal droplet system case. As can be seen in
these figures, it is also obvious that the velocity
becomes slower with decreasing of interfacial tension
gradient.

In the case of the slag-metal system, the denitrifi-
cation by the slag [45] must be considered. However,
in the present case, even if a certain level of denitri-
fication occurs, it will take place uniformly at the
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Figure 6 Calculation results (slag-metal system) a

Ac=0.02N-m™!, b Ac =0.03N-m~!, ¢ Ag = 0.04N - m~!,

slag-metal interface. Hence, the concentration gradi-
ent of nitrogen along with the contour of the droplet
will be kept constant. As can be seen from Eq. 6,
surface tension decreases linearly with increasing of
nitrogen, i.e. the gradient is constant in the whole
concentration range. Hence, it can be concluded that
there is no significant influence of denitrification on
the surface tension gradient.
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Apparent mass transfer coefficient

In the case of the present system, the absorption of
nitrogen into molten iron droplet can be described as
follows:

1) Chemical reaction at the solid BN and molten
iron interface

BN = B + N(Interface)

2) Transport of nitrogen atoms from the interface to
the bulk

N(Interface) = N(Bulk)

Iyengar and Pehlke [35] assumed that the reaction
1 is fast enough compared to the diffusion process
and made a kinetic model, and the experimental
results were reasonably explained. Therefore, it is
assumed that the reaction 1 is fast enough in the
present study as well.

Regarding the reaction 2, it will occur by both
diffusion and convection (Marangoni convection),
but Zhu and Mukai [19] concluded that the ‘mass
transfer by convection is much more effective’, and
they derived an equation for the relation between
surface velocity and apparent mass transfer coeffi-
cient, K;n, in the molten iron by the convection as
follows. The equation was obtained by fitting the

experimental = data  between  approximately
0.017 <v<0.098m - s 1.
K, = 0.06840"7 (8)

where v is the surface flow velocity.

According to the surface velocity calculation in the
previous section, the surface velocity was approxi-
mately 0.02-0.03 m-s~! when the surface tension
difference is 0.02-0.04 N - m~!. Therefore, the appar-
ent mass transfer coefficient becomes 4.42-5.88 x1073
which is relatively small. The smaller K, ie. the
weaker Marangoni convection implies that the reac-
tion 2 is the rate-determining step (it becomes more
dominant), in other words, the absorption rate of
nitrogen in molten iron from solid BN influenced by
the mass transfer in the metal.

Interfacial tension between molten metal
and molten slag

The sessile drop method to measure the surface ten-
sion or interfacial tension is well-known, but
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mechanically and thermodynamically equilibrium
state of the droplet is required for the measurements.
In the present experiment, the nitrogen is always
supplied to the molten metal, and Marangoni con-
vection is induced, and the nitrogen amount and its
distribution are changed by time. Therefore, it can be
easily imagined that the droplet is not reached at
mechanically and thermodynamically equilibrium
state. Nevertheless, the interfacial tension was mea-
sured using an X-ray photo which was taken the later
stage of the observation (after 30 min of observation)
by assuming that the droplet reached the equilibrium
state. The (apparent) interfacial tension was mea-
sured by the Bashforth and Adams’ method [46]. The
apparent interfacial tension was calculated as
193 N-m™.

Apart from the measurement, the interfacial ten-
sion between molten slag and molten metal,onetai—siag,
at equilibrium state was estimated using Girifalco-
Good’s relation [47].

0.5
OMetal—Slag = OMetal T OSlag — 2¢ (O'Melal : O'Slag) (9)

where oy is the surface tension of metal, gy, is the
surface tension of slag, and ¢ is the characteristic of
the system.

¢ for Al,O3-CaO-5iO, system is given by the fol-
lowing equation [48, 49].

¢ = 0.0046(%A1,03) + 0.005973(%SiO5)
+0.005806(%CaO) (10)

where (% Al,Os) is the mass% of Al,Os, (%Si0,) is the
mass% of Si0,, (%Ca0O) is the mass% of CaO.

In the case of slag in the present system, ¢ = 0.5395

The surface tension of the slag, which is required
for the calculation by the Girifalco-Good’s relation
was obtained from literature as 0.59 N -m™! at
1873 K [50]. The surface tension of the pure iron at
1873 K is 1.877 N - m~! [32].

Hence, the interfacial tension between molten slag
and molten iron of the present system at equilibrium
state was estimated as follows.

OMetal_siag = 1.877 4+ 0.59 — 2 x 0.5395(1.877 - 0.59)*°
=1332N -m'
(11)
It is known that even if the composition of the slag
is different, the interfacial tension is similar to a cer-

tain extent (about &+ 0.150 N - m™!), and the concen-
tration of the surface-active element in the molten
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iron is the dominating factor affecting interfacial
tension[51]. Therefore, it is assumed that the nitrogen
amount dependency on the interfacial tension of Fe-
N-Slag system is the same as that of surface tension
case (i.e. 1.4 x (at.%N)). From the interfacial tension
value of the slag-pure iron by Girifalco-Good’s rela-
tion (1.322 N-m™!) and this nitrogen amount
dependency, the interfacial tension value of the Fe-
N-Slag system was calculated as 1.293 N-m™!
(0.007mass%N).

The apparent interfacial tension which is measured
by Bashforth and Adams’ method using the X-ray
photo taken in the present study (1.93 N -m™!) is
extremely high compared to the estimated value at
equilibrium state by Girifalco-Good’s relation (1.332
N-m™) and the results from a parabolic flight
experiment (1.222 N-m™! at 1953 K)[52]. It implies
that in the present experiment, even after 30 min, the
sessile drop is not reached equilibrium state and the
convection and/or mechanical imbalance still exist. It
corresponds to the fact that the droplet was still
moving, although the movement was moderate after
30 min.

Conclusion

The interfacial phenomena between molten iron and
molten slag with nitrogen were directly observed
using an X-ray radiographic apparatus. In addition,
the velocity of the Marangoni convection in the iron
drop was calculated using a multiphysics model. The
directory observed movement of the sessile drop was
attributed to the asymmetric Marangoni convection
and force balance caused by the asymmetric distri-
bution of surface-active element (nitrogen). The
velocity of the Marangoni convection for the Gas-
Metal system was reasonably agreed with the litera-
ture values. For the Slag-Metal system case, the
velocity becomes approximately ten times slower.
The apparent interfacial tension between the molten
iron and slag was measured using the X-ray image
after 30 min holding. From the apparent interfacial
tension value, it was concluded that the system had
not reached equilibrium, and the cause of the
movement of the sessile drop was attributed to the
nonequilibrium state.
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